The Early Cretaceous Ontong Java Plateau (OJP) represents by far the largest igneous event on Earth in the last 200 Ma and yet, despite its size, the OJP's basaltic crust appears to be remarkably homogeneous in composition. The most abundant rock type is a uniform low-K tholeiite, represented by the Kwaimbaita Formation on Malaita and found at all but one of the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) drill sites on the plateau and in the adjacent basins. This is capped by a thin and geographically restricted veneer of a slightly more incompatible-element-rich tholeiite (the Singgalo Formation on Malaita and the upper flow unit at ODP Site 807), distinguished from Kwaimbaita-type basalt by small but significant differences in Sr-, Nd-and Pb-isotope ratios. A third magma type is represented by high-Mg (Kroenke-type) basalt found in thick (>100 m) successions of lava flows at two drill sites (ODP Sites 1185 and 1187) 146 km apart on the eastern flank of the plateau. The high-Mg basalt is isotopically indistinguishable from Kwaimbaita-type basalt and may therefore represent the parental magma for the bulk of the OJP. Low-pressure fractional crystallization of olivine followed by olivine+augite+plagioclase can explain the compositional range from high-Mg Kroenketype to Kwaimbaita-type basalt. The Singgalo-type basalt probably represents slightly smaller-degree, late-stage melting of an isotopically distinct component in the mantle source. Primary magma compositions, calculated by incremental addition of equilibrium olivine to aphyric Kroenke-type basalt glass, contain between 15.6% (in equilibrium with Fo90 ) and 20.4% (Fo92) MgO. Incompatible-element abundances in the primary OJP magma can be modelled by around 30% melting of a peridotitic primitive-mantle source from which about 1% by mass of average continental crust had previously been extracted. This large degree of melting implies decompression of very hot (potential temperature >1500~ mantle beneath very thin lithosphere. The initiation of an exceptionally large and hot plume head close to a mid-ocean ridge provides the best explanation for the size, homogeneity and composition of the OJP, but is difficult to reconcile with the submarine eruption of virtually all of the basalt so far sampled.
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The Ontong Java Plateau (OJP) is the largest of the Earth's large igneous provinces (Coffin & Eldholm 1994) . The plateau, defined mostly by the 4000-m bathymetric contour ( Fig. 1) , covers an area of 2.0 • 106 km 2 (comparable in size with western Europe), but OJP-related volcanism extends over a considerably larger area into the adjacent Nauru and East Mariana basins. With an average thickness of crust beneath the plateau of 30-35 km (Gladczenko et al. 1997; Richardson et al. 2000) , the volume of igneous rock forming the plateau may be as high as 6 • 107 km 3 (Coffin & Eldholm 1994) .
Collision with the Solomon arc has resulted in folding and uplift of the southern margin of the OJP in the last 6 Ma (e.g. Kroenke et al. 2004) .
Thick (up to about 3.5 km) sections of basaltic rocks are exposed on land in the Solomon Islands, notably in Malaita, Santa Isabel and San Cristobal (e.g. Petterson et al. 1999; Petterson 2004 ). Prior to ODP Leg 192 (SeptemberNovember 2000) only three drill sites on the plateau (Deep Sea Drilling Project (DSDP) Site 289 and Ocean Drilling Program (ODP) Sites 803 and 807) had penetrated basaltic basement. Five more basement sites were drilled during ODP Leg 192; basaltic lava flows were sampled at four of these (Sites 1183 (Sites ,1185 (Sites ,1186 (Sites and 1187 and a fifth (Site 1184) penetrated 338 m into a volcaniclastic sequence. In addition to these eight plateau sites, basaltic basement with the same composition as basalt from the OJP has been penetrated at DSDP Site 462 in the Nauru Basin and at ODP Site 802 in the East Mariana Basin. The locations of all DSDP and ODP drill sites on and around the OJP are shown in Figure 1 , and stratigraphic sections are given in Figure 2 . 
Published 4~
data (Mahoney et al. 1993; Tejada et al. 1996 Tejada et al. , 2002 ) suggest a major episode of OJP volcanism at approximaely 122 Ma and a minor episode at about 90 Ma. 4~ analysis of samples from ODP Leg 192 Sites 1186 and 1187 (Chambers et al. 2002; L. M. Chambers pers. comm) gives ages ranging from 105 to 122 Ma. These authors argue that the younger apparent ages (and, by implication, the data on which the 90 Ma episode is based) are the result of argon-recoil and therefore represent minimum ages. Biostratigraphic dating Sikora & Bergen 2004 ) of sediment intercalated with lava flows at ODP Sites 1183, 1185, 1186 and 1187 suggests that magmatism on the high plateau extended from latest Early Aptian to latest Aptian. This corresponds to age ranges of 122-112 Ma (Harland et al. 1990) or 118-112 Ma (Gradstein et al. 1995) . However, Re-Os isotopic data on basalt samples from these same four drill sites define a single isochron with an age of 121.5 + 1.7 Ma (Parkinson et al. 2002) . The eruption age of the volcaniclastic succession at Site 1184, on the eastern salient of the OJP, has proved equally enigmatic. Rare nannofossils suggest an Eocene age , but 4~ analysis of plagioclase crystals (Chambers etal. 2004) suggests an age of 123.5 + 1.8 Ma, consistent with the steep (-54 ~ palaeomagnetic inclination (Riisager et al. 2004) .
Because of the uncertainties in the various dating methods, there is no clear consensus on the age and duration of OJP magmatism. The plateau could have formed in a single, shortlived event at about 122 Ma, or over a period of 10 Ma or longer. With magmatism extending over a 10 Ma interval the average rate of magma production would have been 6 km 3 year -1. If, however, the bulk of the plateau was emplaced over a significantly shorter interval than this then the peak OJP magma production rate may well have exceeded the global mid-ocean ridge magma production rate at the time (e.g. Coffin & Eldholm 1994) .
With the exception of the volcaniclastic succession at Site 1184, the basaltic basement drilled on the OJP and in the adjacent basins, and exposed in the Solomon Islands, consists almost entirely of pillow lavas and submarine sheet flows. Basaltic units in the upper part of the Nauru Basin succession drilled at Site 462 were originally described as sills (Larson et al. 1981) , but Saunders (1986) has argued that these are thick sheet flows. The only evidence for subaerial or shallow-water volcanism during emplacement of the OJP is provided by the thick volcaniclastic succession at Site 1184 (Thordarson 2004; White et al. 2004) , two thin intervals of vitric tuff in the Aptian limestone immediately above basement at Site 1183 (Mahoney et al. 2001 ) and a vitric tuff just above basement at Site 289. There is no evidence for subaerial eruption of lava flows, and the CO2 contents of basaltic glass (Michael 1999; Roberge et al. 2004) provide convincing evidence for relatively deep submarine eruption at all the drill sites on and around the OJP. For example, Roberge et al. (2004) estimate eruption depths of approximately 1000 m at Site 1183 on the crest of the plateau and approximately 2500 m at Site 1187 on its eastern margin (Fig. 1) .
Several previous petrological and geochemical studies (notably those of Mahoney et al. 1993; Tejada et al. 1996 Tejada et al. , 2002 Neal et al. 1997) have highlighted the remarkable uniformity of the tholeiitic basalt forming the OJP. These studies were based on rock samples collected from the Solomon Islands and recovered from the three pre-Leg 192 drill sites. In this paper, we present a comprehensive major-and traceelement data set for basaltic rocks recovered during ODP Leg 192 , from previous ODP and DSDP drill sites on the OJP, and from Site 462 in the Nauru Basin. We will use these data, in conjunction with isotopic data presented by Tej ada et al. (2004) , to deduce the nature of the OJP mantle source, the temperature and degree of melting of the source, and the extent of subsequent fractional crystallization of the primitive OJP magmas. Mahoney et al. (1993) showed that the basement section drilled at ODP Site 807 consisted of two chemically and isotopically distinct parts; an upper part (unit A) and a lower part (units C-G) separated by a thin sediment layer (unit B). The basaltic lava flows forming unit A have a small relative enrichment in the more incompatible elements compared with those from units C-G, and also have slightly lower 2~176 and t43Nd/144Nd, and higher 87Sr/86Sr. Basalt from Site 803 is indistinguishable from units C-G at Site 807. Two similarly distinct groups of basalt have been recognized by Tejada et al. (1996) and Neal et al. (1997) in the uplifted SE edge of the OJP exposed on Malaita and Santa Isabel in the Solomon Islands (Fig. 1) . OJP basalt on Malaita can be divided into two compositionally distinct stratigraphic units: the Kwaimbaita Formation (>2.7 km thick) and the overlying Singgalo Formation (c. 750 m thick) (Tejada et al. 2002) . Basalt of the Kwaimbaita Formation is chemically and isotopically similar to basalt at Site 807 (units C-G) and Site 803, while the Singgalo Formation is similar to unit A at Site 807. Thus, Kwaimbaita-and Singgalo-type basalt flows with the same stratigraphic relationship are found at sites 1500 km apart on the plateau (Tejada et al. 2002) . Kwaimbaita-type basalt appears to represent the dominant OJP magma type because it has been found at all but one of the OJP drill sites (Tejada et al. 2004 ). Singgalotype basalt, on the other hand, appears to be volumetrically minor.
Ontong Java Plateau magma types
A third OJP basalt type was recognized during ODP Leg 192. The 136 m-basement section at Site 1187 and the upper 125 m at Site 1185 are composed of basalt with higher MgO and lower concentrations of incompatible elements than any previously reported from the OJP (Mahoney et al. 2001 ). This basalt is isotopically identical to Kwaimbaita-type basalt (Tejada el al. 2004 ) arid may represent the parental magma for the bulk of the OJP. We propose the term Kroenke-type basalt because it was discovered on the flanks of the submarine Kroenke Canyon at Site 1185 (Fig. 1) .
To summarize, we now recognize three basalt types on the OJP. 
Analytical methods
A total of 102 samples were analysed in the present study. Of these, 72 were from samples collected during ODP Leg 192 (Sites 1183 -1187 , 18 from previous drill sites on the plateau (DSDP Site 289; ODP Sites 803 and 807) and 12 from the Nauru Basin (DSDP Site 462). The samples were trimmed with a diamondimpregnated saw to remove veins and altered zones, washed, dried and then ground in an agate-lined barrel on a Tema mill. The powders were analysed by X-ray fluorescence (XRF) spectrometry in Edinburgh for major elements and some trace elements, and by inductively coupled plasma-source mass spectrometry (ICP-MS) at ISTEEM, Montpellier for a larger range of trace elements.
The XRF techniques used are essentially similar to those described by Fitton et al. (1998) , except that a Philips PW2404 automatic X-ray spectrometer was used, and the analytical conditions for the determination of Nb and Zr were different. Because the background around the wavelength of NbKr is curved, linear interpolation between two background positions can introduce significant error at low concentrations. Instead, the background correction was calculated by fitting a third-order polynomial to background count rates measured at four positions, two either side of the peak. Long counting times (500 s at the peak and 500 s in total at the background positions) were used in order to improve precision in the determination of Nb. Each sample was analysed three times and the average value taken. A LiF220 analysing crystal was used in the determination of Zr to give better wavelength dispersion and hence reduce overlap of the SrK[3 peak on ZrKoc Fitton et al. (1998) . GSNL, values given in Govindaraju (1994) ; RSD (%), per cent relative standard deviation; n, number of analyses.
ICP-MS trace-element concentrations were determined on a VG-PQ2 Turbo+ spectrometer. Rare-earth elements, Cs, Rb, Ba, Th, U, Zr, Hf and Y were determined following the method described by Ionov et al. (1992) , and Nb and Ta by surrogate calibration following the procedure described in Godard et al. (2000) . Precision estimates obtained during this study are given in Table 1 , and additional XRF precision data are given in Fitton et al. (1998) . Analytical data for the suite of OJP and Nauru Basin basalt samples are given in Tables 2-4 . Two sets of data are given for elements determined by both ICP-MS and XRF, and the set used is noted in appropriate figure captions.
Results
For clarity when displaying the large amount of data in Tables 2-4 , we have divided the data into Leg 192) Sample 1183-1  1183-2 1183-3 1183-4 1183-5 1183-6 1183-7 1183-8 1183-9 1183-10  1186-1 1186-2 1186-3 1186-4 1186-5  Site, hole  1183A  1183A  1183A 1183A 1183A 1183A 1183A 1183A 1183A 1183A  1186A 1186A1186A 1186A 1186A  Core-section  54R-3  54R-3  54R-3 54R-4 55R-1 55R-3 59R-1 61R-2 66R-2 67R-3  32R-2 34R-1 34R-4 38R-1 39R-5  Interval(cm) 28 the three compositional types: Kroenke, Kwaimbaita and Singgalo. The compositional plots in this paper differentiate these types with different symbols. Three additional symbols identify volcaniclastic rocks from Sites 1183 and 1184 and basalt from the Nauru Basin. Significant differences between samples of the same type at different sites are indicated by fields drawn around data points. Most of the OJP and Nauru Basin rock samples are altered through prolonged contact with sea water (Banerjee et al. 2004) , and most major elements are likely to have been affected to some degree. However, by rejecting all the volcaniclastic rocks (26 samples), 20 lava samples with loss on ignition (LOI) >0.5 weight% (wt%) and a further seven with anomalously high K (KzO/P20 5 >2), we are left with 49 analyses that we consider fresh enough to plot on an alkali-silica diagram (Fig. 3) . Figure 3 shows the remarkably small compositional range of the OJP and Nauru Basin rocks, and the similarity of the latter to Kwaimbaitatype basalt from the OJP. Despite some scatter in the data (probably due to alteration), it is clear that the Singgalo-type basalt samples have higher total alkalis and lower silica than does Kwaimbaita-type basalt. For comparison, the compositional range of glass samples from the East Pacific Rise is also shown on Figure 3 .
The difference between Kwaimbaita-and Singgalo-type basalt is also seen clearly on a plot of SiO2 against MgO (Fig. 4) . That some scatter in SiO 2 remains after filtering the data is shown by the three samples from the single flow unit drilled at Site 289. However, the consistently low SiO2 content of the Singgalo-type basalt (unit A at Site 807) suggests that the Singgalo-type magma had lower SiO2 than Kwaimbaita-type magma at similar MgO. The olivine control line shown in Figure 4 was calculated by olivine addition and subtraction from the composition of fresh glass sample 1187-8 (1187A-10R-1, 114-118). It shows that Kroenke-type magma could have evolved by olivine crystallization toward the composition of Kwaimbaita-type, but not Singgalo-type, evolved magma.
Primitive-mantle-normalized incompatibleelement concentrations in all of the rocks analysed are shown in Figure 5 . The patterns for Kwaimbaita-type basalt are reproduced, as grey lines, on all the other diagrams for comparison. -12  130  130  130  130  130  130  130  130  130  130  130  130  130  130  130  803D 803D  803D  807C  807C  807C  807C  807C  807C  807C  807C  807C  807C  807C  807C  69R- -12  30  30  30  61  61  61  61  61  61  61  61  89  89  89  89  289  289  289  462A  462A  462A  462A  462A  462A  462A  462A  462A  462A  462A  462A  132R-2 132R-3 The differences and similarities between the three basalt types and the volcaniclastic rocks can be seen on a plot of Nb against Zr (Fig. 6) . Of all the elements determined in this study, these are probably the least affected by sea-water alteration. This plot shows that Kwaimbaitatype, Kroenke-type and Nauru Basin basalt, and most of the volcaniclastic rocks from Site 1184, have a near-constant value of Nb/Zr (0.055) suggesting that they could be related by fractional crystallization of a common parental magma type. Three of the Site 1184 rocks plot with Kroenke-type basalt, and most of the rest with Kwaimbaita-type basalt. The four high-Nb samples plot well away from the main trend. Singgalo-type basalt (Site 807, unit A) and one of the two samples of volcaniclastic rock from Site 1183 likewise have higher Nb/Zr. The inset diagram in Figure 6 compares the OJP and Nauru Basin rocks with data fields for normal mid-ocean ridge basalt (N-MORB), ocean island basalt (OIB) and basalt from the active volcanic zones in Iceland. Rocks from the OJP and the Nauru Basin plot between the fields of Iceland and N-MORB but have a much smaller range in Nb, Zr and Nb/Zr.
The volcaniclastic succession drilled at Site 1184 includes a larger range of compositions than at any other drill site on the OJP (Figs 5 and 6 ). It can be divided into six distinct lithological subunits (A-F; Thordarson 2004) on the basis of facies variation and chemical composition. Fragments of wood, implying nearby emergent land surfaces, were found at the top of subunits C, D, E and F. Compositional variation between the subunits is shown in Figure 7 ; the high-Nb samples are from subunits C and F, and all the other samples have the uniform Nb/Zr (0.055) of Kroenke-and Kwaimbaita-type basalt. The three samples in Figure 6 that plot with Kroenketype basalt are from subunit A, which has the highest concentrations of Ni and Cr (Fig. 7) , and probably of MgO before alteration. Figure 8 summarizes the compositional variation of the OJP and Nauru Basin rocks. The Kroenke-and Kwaimbaita-type basalts and the Nauru Basin samples form a cluster with a narrow range of Nb/Zr and Ce/Yb. The small but systematic increase in Ce/Yb from Kroenke-to Kwaimbaita-type basalt correlates well with Ce concentration and can be explained by fractional crystallization of augite, which is a liquidus or near-liquidus phase in Kwaimbaita-type magma (Sano & Yamashita 2004) . Basalt from Site 803 plots away from the main cluster, suggesting that it may have evolved from a slightly different parental magma type. Singgalo-type basalt samples from Site 807 (unit A) cluster with the two samples from the thin volcaniclastic layers Sun & McDonough (1989) . The patterns for Kwaimbaita-type basalt are reproduced, as grey lines, on all the other diagrams for comparison. Note the similarity in the shape of the patterns for Kwaimbaita-and Kroenke-type basalt, and the slight relative enrichment in the more incompatible elements shown by the Singgalo-type basalts (Site 807, unit A). Most of the volcaniclastic rocks from Site 1184 are similar to Kwaimbaita-and Kroenke-type basalt, but four samples (the high-Nb group) have higher concentrations of Th, U, Nb, Ta and La. Two samples from the thin volcaniclastic layers just above basement at Site 1183 have patterns that resemble Singgalo-type basalt. The scatter in Cs, Rb, Ba, U and Sr are due to mobility of these elements during alteration. above basement at Site 1183. These layers also have the distinctive Singgalo-type isotopic characteristics (Tejada et al. 2004) . The high-Nb samples from Site 1184 are clearly different from the other OJP and Nauru Basin samples, and represent a magma type not seen elsewhere in the region.
Discussion

Geographical distribution o f m a g m a types
With eight drill sites on the plateau, two in adjacent basins and on-land exposures in the Solomon Islands, the OJP is now the bestsampled oceanic plateau on Earth. Although drilling can do no more than scratch the surface, the results of ODP Leg 192 have advanced our knowledge of the stratigraphy and geographical distribution of basalt types on the OJP considerably. The distribution of magma types on and around the OJP is summarized in Figure 9 .
Kwaimbaita-type basalt was found at all OJP drill sites except Site 1187, and also at Site 802 in the East Mariana Basin (Castillo et al. 1994) and Site 462 in the Nauru Basin. It forms a thick (>2.7 km) succession on Malaita and is also found on Santa Isabel (Tejada et al. 1996 (Tejada et al. , 2002 .
Kwaimbaita-type basalt probably represents the dominant magma type on the plateau and in the adjacent basins. Figure 6 are from subunits C and F. Subunit A has the composition of Kroenke-type basalt, and the other subunits have Kwaimbaita-type composition.
Singgalo-type basalt is found overlying Kwaimbata-type basalt at Site 807 and on the islands of Malaita and Santa Isabel (Tejada et al. 2002) . The thin volcaniclastic turbidite layers on top of basement at Site 1183 are also of Singgalo type (Fig. 8) (Tejada et al. 2004) , implying that Singgalo-type magma was erupted after Kwaimbaita-type magma near the crest of the plateau. Singgalo-type basalt, although present over a wide area in the northern, western and SW parts of the plateau, probably represents a minor magma type, erupted at a late stage in the formation of these parts of the plateau. It should be noted, however, that there is no detectable age difference between Singgalo-and Kwaimbaitatype basalt (Mahoney et al. 1993; Tejada et al. 2002) .
Thick successions of the magnesian Kroenketype basalt were found at Sites 1185 and 1187, 146 km apart on the eastern flank of the plateau. It overlies Kwaimbaita-type basalt at Site 1185, but its base was not reached at Site 1187. Biostratigraphic evidence Sikora & Bergen 2004 ) suggests a Late Aptian age for the Kroenke-type basalt at these two sites. If correct, this would mean that the Kroenke-type magma was erupted up to 10 Ma later than the main plateau-forming episode (c. 122 Ma), an age difference that is consistent with the degree of alteration that affected the immediately underlying Kwaimbaita-type flows at Site 1185 (Mahoney et al. 2001; Banerjee et al. 2004 ). However, Os-isotope data from Kroenke-type basalt from Sites 1185 and 1187 plot on the same 122 Ma-isochron as data from Kwaimbaita-type basalt from Sites 1183 and 1186 (Parkinson et al. 2002) . It is possible that eruption of the primitive magma represented by Kroenke-type basalt was one of the last magmatic events on the eastern side of the plateau, and it may be significant that the last volcaniclastic subunit at Site 1184 was also of Kroenke-type basalt composition. As drilling has barely scratched the surface of the OJP, it is possible that Kroenke-type flows also occur deeper within the volcanic succession.
The high-Nb volcaniclastic subunits at Site 1184 (Fig. 7) are unlike any other igneous rocks found on the plateau. They form two out of the six subunits and are interbedded with volcaniclastic layers of Kwaimbaita type.
Magmatic evolution
The discovery of 125 m of high-Mg Kroenketype basalt at Site 1185 and more than 136 m at Site 1187, 146 km to the north, is important to our understanding of the evolution of OJP magmas. Because Kroenke-and Kwaimbaitatype basalts are isotopically indistinguishable (Tejada et al. 2004 ) and have similar primitivemantle-normalized incompatible-element patterns (Fig. 5) , the former provides a plausible primitive magma composition for the evolution of the latter. As it is unlikely that these two thick successions of Kroenke-type basalt represent small isolated outcrops, the volume of primitive magma erupted on the eastern flank of the plateau must have been immense.
Kroenke-type basalt contains small, sparse phenocrysts of olivine, and experimental studies (Sano & Yamashita 2004) show that olivine alone crystallizes on its liquidus at low pressures (0.1-190 MPa). The primary magma composition can therefore be estimated by incrementally adding equilibrium olivine until the calculated liquid is in equilibrium with mantle olivine. The composition of fresh glass sample 1187-8 from Site 1187 (Table 2 ) was used, with FeO estimated by taking Fe203/total Fe (by mass) = 0.1. Equilibrium olivine composition was calculated by using values of KDO1/LFeO/Mg O from Herzberg & O'Hara's (2002) parameterization of experimental data, and added iteratively in increments of 0.1 wt% until it reached the composition of residual mantle olivine. The calculated primary magma has 15.6 wt% MgO in equilibrium with Fo90 and 20.4 wt% in equilibrium with Fo92, and these require the addition of 17 and 36 wt% of olivine, respectively. The residual mantle olivine composition was constrained by the forwardand inverse-modelling method developed by Herzberg & O'Hara (2002) . With a fertile peridotite starting composition (Kettle River; table i in Herzberg & O'Hara 2002 ) and a liquid with the composition of 1187-8, the residual mantle olivine would have a composition of Fo90.5 with perfect fractional melting and Fogt.6 for equilibrium melting (Herzberg 2004) . The corresponding MgO contents of the primary magmas would be 16.8 and 19.3 wt% respectively.
A possible liquid line of descent from the calculated primary magma is shown in Figure 10 , in which Nb is plotted against MgO for samples with LOI <0.5 wt%. Niobium is used because it is immobile during alteration, and almost completely incompatible in olivine, plagioclase and augite. The olivine control line in Figure 10 passes through the data points for Kroenke-type basalt and extends to 8.5 wt% MgO and 2.36ppm Nb, at which point plagioclase and augite join the crystallizing assemblage. The ol+plag+cpx (olivine+plagioclase+clino-pyroxene) line in Figure 10 was constructed by joining the average composition of Kwaimbaitatype basalt (excluding samples from Sites 289 and 803) to a point representing the bulk composition of the olivine-plagiclase-augite cotectic. Analyses of phases crystallizing from Kwaimbaita-type basalt in Sano & Yamashita's (2004) experiments, weighted by the lowpressure cotectic phase proportions in tholeiitic incompatible elements (Figs 5, 6, 8 and 10) . We have no samples of primitive basalt of Singgalo type but its liquid line of descent probably ran parallel to that in Figure 10 , but with Nb about 1 ppm higher. Although alteration of the rock samples precludes a quantitative treatment of magmatic evolution based on major-element composition, we can use the concentration of Nb to estimate the degree of fractional crystallization. The Nb content of our primary magmas can be calculated by diluting the Nb in 1187-8 (2.27 ppm) with olivine to give values of 1.94 ppm (17% olivine) and 1.67 ppm Nb (36% olivine) for primary magmas in equilibrium with Fo90 and Fo92 , respectively. Variation of trace-element concentrations during fractional crystallization is described by the Rayleigh fractionation equation basalt (0.15 olivine, 0.6 plagioclase, 0.25 augite; Cox & Bell 1972) , were used to calculate the MgO content of the cotectic assemblage. Kwaimbaita-type basalt has sparse olivine and plagioclase phenocrysts (+augite), and these phases crystallize on or within 20~ of its liquidus temperature (Sano & Yamashita 2004) . Cognate plagioclase-rich gabbroic cumulate xenoliths are common in Kwaimbaita-type basalt (Mahoney et al. 2001) and provide further evidence for this fractional crystallization stage.
The liquid line of descent in Figure 10 passes through the main cluster of data points for Kwaimbaita-type and Nauru Basin basalt, and extends to a point close to the composition of evolved basalt from Site 803, but slightly below the composition of basalt from Site 289. Basalt from Sites 289 and 803 are Kwaimbaita-type in their isotopic composition (Tejada et al. 2004) , and the Site 289 basalt has incompatibleelement ratios that are indistinguishable from the other Kwaimbaita-type basalt samples (e.g. Fig. 8 ). The ol+plag+cpx line in Figure 10 is shown as a straight line but should really be a concave-upwards curve because the MgO content of the cotectic assemblage will fall as fractional crystallization proceeds. The Site 289 basalt may therefore be related by fractional crystallization to the main group of Kwaimbatatype samples. Basalt from Site 803, however, has higher Ce/Yb than the other Kwaimbaita-type samples (Fig. 8) , suggesting that it may have evolved from a slightly different parental magma type. Singgalo-type basalt has lower 143Nd/144Nd and higher 87Sr/86Sr than Kwaimbaita-type basalt (Tejada et al. 2004) , consistent with its slight relative enrichment in the more
where Cp is the concentration of the element in the parental magma, C e is its concentration in the evolved magma, F is the mass fraction of magma remaining after fractional crystallization and D is the distribution coefficient. For an incompatible element such as Nb (D = 0), the equation reduces to CJCp = I/F and this can be used to estimate the extent of fractional crystallization represented by the data in Figure 10 . Our primary magmas with 1.94 and 1.67 ppm Nb (15.6 and 20.9 wt% MgO) would evolve to a magma with 2.33 ppm Nb (8.5 wt% MgO) through the fractional crystallization of 18 and 29 wt% of olivine, respectively. Plagioclase begins to crystallize at this point, followed by augite (Sano & Yamashita 2004) , and the magma would then evolve by fractional crystallization of a cotectic assemblage of the three phases. To produce a residual liquid with 5 ppm Nb (6.8 wt% MgO), equivalent to the basalt at Site 289 (Fig. 10) , from magma with 8.5 wt% MgO requires the fractional crystallization of 53% of the cotectic assemblage.
Nature of the mantle source and degree of melting
In the previous section we showed that Kroenke-type basalt represents a plausible parental magma for the bulk of the OJP. Primitive-mantle-normalized incompatible-element patterns (Fig. 5) for samples of Kroenke-type basalt are essentially flat and show depletion in only the most incompatible elements. The implication that the OJP mantle source was slightly depleted is consistent with the radiogenic isotope ratios in Kroenke-and Kwaimbaita-type basalt samples (Tejada et al. 2004 ). These authors show that the data can be modelled by a primitive mantle source from which 1% of melt had been extracted around 3 billion years ago. This mantle source is less depleted than the convecting upper mantle because basalt from the OJP has lower 143Nd/144Nd and higher 87Sr/86Sr than Pacific N-MORB (Tejada et al. 2004) .
A mantle source that is less depleted than the N-MORB source is also apparent from incompatible-element concentrations and ratios in OJP basalt. For example, OJP basalt has comparable Zr contents to N-MORB but significantly more Nb (Fig. 6 ). OJP basalt also has relatively high Nb/Ta (16.3+0.8), a value that is higher than the average value of N-MORB (14.5_+1.5, Bodinier et al. 15.5+0.5, Jochum & Hofmann 1988) and in the same range as OIB (16-+0.5 for French Polynesian OIB, Bodinier et al. 2002) .
The concentrations of moderately incompatible elements (Zr-Lu) in Kroenke-type basalt are fairly constant at approximately four times the primitive-mantle values (Fig. 5) . As c. 30 wt% of equilibrium olivine must be added to the Kroenke basalt to produce magmas in equilibrium with residual mantle olivine with a composition of Fo91.6 , the primary OJP magma would have had approximately three times the primitive-mantle concentrations of these elements. Because moderately incompatible (unlike highly incompatible) elements are relatively unaffected by mantle depletion processes (e.g. Hofmann 1988 ) we can use their concentration to give a rough estimate of degree of mantle melting. Assuming D = 0 in residual harzburgite gives an upper limit of approximately 33% melting. We can refine this estimate through more detailed modelling, but we must first justify our assumption that Kroenke-type basalt can be used to estimate the composition of the primary magma.
Basalt lava flows with concentrations of moderately incompatible elements much lower than those in Kroenke-type basalt are found in the rift zones of Iceland (Fig. 6 ). For example, the international geochemical reference standard BIR-1 (from the Reykjanes Peninsula in Iceland) has 15.5 ppm Zr (Table 1) compared with 40 ppm in Kroenke-type basalt. Taking these depleted basalt flows to represent primitive Icelandic magma requires either unreasonable degrees (up to 100%) of mantle melting or a very depleted mantle source. This question can be resolved by considering the volumes of magma involved. Lava flows of depleted basalt in Iceland are rare, always small (<0.15 km 3) and confined to the rift axes (Hardarson & Fitton 1997) . They are isotopically distinct from the bulk of Icelandic basalt (they have higher 143Nd/144Nd, for example) and Fitton et al. (2003) have argued that they represent small-volume instantaneous melts produced during the advanced stages of dynamic melting of a heterogeneous mantle source. By contrast, Kroenketype basalt is isotopically identical to the voluminous Kwaimbaita-type basalt (Tejada et al. 2004) and was erupted in large-volume flows. Its occurrence in thick (>100 m) units at sites 146 km apart on the eastern flanks of the plateau suggests that huge volumes of Kroenke-type magma were erupted on the OJP. Taking Kroenke-type basalt to represent parental OJP magma therefore seems reasonable.
With increasing incompatibility, the more incompatible elements in Kroenke-and Kwaimbaita-type basalt show a progressive depletion relative to primitive mantle (Fig. 5 ). This trend is obscured somewhat by mobility of Cs, Rb, Ba and U, but is clear from the abundances of Th and the light rare-earth elements. Figure 11 shows primitive-mantle-normalized abundances of the immobile incompatible trace elements in primary magma calculated from Kroenke-type basalt, plotted on a linear scale for clarity. The constant normalized abundance of the moderately incompatible elements, and the progressive depletion in the more incompatible elements, is clearly seen in this plot. Nb and Ta are not as depleted as the other highly incompatible elements, suggesting that extraction of continental crust (which is deficient in Nb and Ta) could provide a likely mechanism for the depletion of the OJP mantle source. Figure 11 also shows a best-fit model composition in which primitive mantle (McDonough & Sun 1995 ) is depleted through the extraction of 1% by mass of average continental crust (Rudnick & Fountain 1995; Nb and Ta from Barth et al. 2000) , and then batch melted to 30% leaving a harzburgite residue. Olivine and orthopyroxene partition coefficients estimated by Bedini & Bodinier (1999) were used in these calculations. The fit is very good considering the uncertainties in the composition of primitive mantle and continental crust.
The depletion and melting stages in the model are independently constrained, as the former controls the shape of the pattern and the latter the overall abundance level. The degree of melting represented by the calculated primary Fig. 11 . Primitive-mantle-normalized incompatibleelement concentrations (ICP-MS data except for Nb, Zr and Y) in OJP primary magma compared with model concentrations. Primary magma compositions were calculated by incremental addition of equilibrium olivine to analyses of fresh Kroenke-type basalt until they were in equilibrium with Fo91.6. Equilibrium melting (Shaw 1970 ) leaving a harzburgite residue (75% olivine, 25 % orthopyroxene) was assumed in calculating the melt composition. Distribution coefficients from Bedini & Bodinier (1999) ; primitive-mantle values from McDonough & Sun (1995) ; average continental crust composition from Rudnick & Fountain (1995) and Barth et al. (2000) . magma composition, although insensitive to assumptions about the depletion mechanism, is dependent on assumptions about the composition of olivine in the residual mantle. We used Fo91.6 in our calculations because this is the composition calculated for equilibrium (batch) melting by the inverse-and forward-modelling method of Herzberg & O'Hara (2002) . The same method gives a less forsteritic residual olivine (Fo90.4) under conditions of perfect fractional melting.
The calculated abundances of incompatible elements in primary magma are essentially the same, at large melt fractions, for equilibrium and accumulated fractional melts, but the composition of residual olivine is sensitive to the melting model. Perfect fractional melting seems less likely than equilibrium melting in the present case where enormous volumes of magma are generated in a short period by large degrees of melting, but we must allow for the possibility in our calculations. Figure 12 shows the effect of varying the residual olivine composition between Fo90 and FO92 on the calculated Zr and Nb contents of the primary magma. The compositions of primitive mantle and our calculated depleted mantle (primitive mantle minus 1% of Fig. 12 . Nb and Zr (XRF data) contents of primary magma calculated by incremental addition of equilibrium olivine to analyses of the freshest samples of Kroenke-type basalt. 'Uncorrected' data points represent analyses before olivine addition; other points are calculated compositions in equilibrium with residual mantle olivine with Fog0 and Fo92 composition. Melting curves for depleted garnet-and spinel-lherzolite are calculated for non-modal equilibrium melting (Shaw 1970 Bedini & Bodinier (1999) . continental crust) are shown along with melting curves for the depleted mantle in spinel-and garnet-lherzolite facies. The data points are displaced from the melting curves because our model overestimates the Nb content of the primary magma but gives a good fit for Zr (Fig. 11) . Using the calculated Zr contents gives degrees of melting ranging from 27% with Fog0 to 31% with Fo92 (Fig. 12) , values that bracket the range of residual olivine compositions calculated for fractional (Fo90.5) and equilibrium (Fo91.6) melting of fertile mantle by the Herzberg & O'Hara (2002) method (Herzberg 2004 ). This procedure also gives an independent estimate of degree of melting, and applying it to the major-element composition of Kroenketype basalt glass sample 1187-8 gives values of 27% for fractional and 30% for equilibrium melting (Herzberg 2004) . These values are in excellent agreement with those derived from incompatible trace elements, and strengthen our conclusion that the OJP primary magma was generated by around 30% melting of a peridotite mantle source. Large degrees of melting are also implied by the low concentrations of total alkalis in the OJP basalts, at the low end of the range for MORB glasses from the East Pacific Rise (Fig. 3) .
Our value of 30% is at the upper end of the range of previously published estimates for degree of melting (20-30%). Mahoney et al. (1993) , for example, used the McKenzie & O'Nions (1991) rare-earth element inversion technique to estimate melt fraction as a function of depth and found a maximum of 30% melting at the top of the melt column. Other authors (e.g. Tejada et al. 1996; Neal et al. 1997) obtained similar values (20-30%). All these estimates were based on relative incompatible-element concentrations in evolved basalt because the composition of the parental OJP magma was unknown at the time. The discovery of primitive, Kroenke-type basalt during ODP Leg 192 allows much more robust estimates of degree of melting to be derived from the absolute major and incompatible trace-element composition of primary OJP magma.
Singgalo-type basalt is compositionally and isotopically distinct from Kroenke-and Kwaimbaita types. It has consistently higher concentrations of the more incompatible elements (Fig. 5) , and lower 143Nd/144Nd and higher 87Sr/86Sr (Tejada et al. 2004) , suggesting a less depleted mantle source. Unfortunately, we have no samples of parental Singgalo-type basalt and so we cannot model the mantle source as we did with the magnesian Kroenke-type basalt. The data show that a less depleted mantle source was tapped during the waning phase of magmatism and that this produced a veneer of Singgalo-type basalt along the western flank of the OJP (Fig. 9) . Primitive-mantle-normalized incompatible-element concentrations fall steadily with increasing compatibility from Nb to Lu (Fig. 5) , suggesting that the degree of melting was less and the melt zone was probably deeper (leaving garnet as a residual phase) than in the case of the dominant Kroenke-and Kwaimbaita-type magmas. The lower SiO2 content (at similar MgO) of Singgalo-type compared with Kwaimbaita-type basalt (Fig. 4) is also consistent with derivation of the former at a higher pressure in the mantle (e.g. Falloon & Green 1988) .
Singgalo-type magma erupted at a late stage in the evolution of the OJP has some similarity to basalt erupted on the rift flanks in Iceland. This off-axis basalt has higher concentrations of the more incompatible elements and lower 143Nd/a44Nd and higher S7Sr/86Sr, than does basalt erupted in the rift axes (Hdmond et al. 1993; Fitton et al. 2003) . Smaller degrees of melting beneath thicker lithosphere on the rift flanks seems to be preferentially sampling less depleted and more easily fusible parts of a heterogeneous mantle source (Fitton et al. 2003) . Progressively smaller-degree melting during the waning phases of OJP magmatism on the western flanks of the plateau may similarly be sampling a less depleted and isotopically distinct component in a heterogeneous mantle source. With our limited data, however, we cannot quantify the composition of the mantle source for the Singgalo-type magmas or the degree of melting involved in their generation.
Quantifying mantle-source composition and degree of melting is likewise impossible for the high-Nb magma type represented by two volcaniclastic subunits at Site 1184 on the eastern salient of the OJP (Figs 7 and 9 ). Alteration has affected the major-element composition of these rocks, but their low Cr and Ni (Fig. 7) and high incompatible-element (Fig. 5 ) content suggests that the original magmas were fairly evolved. The rocks have flat primitive-mantle-normalized abundances of moderately incompatible elements (Zr-Lu) and, in this respect, they resemble Kroenke-and Kwaimbaita-type basalt. They are also similar to these basalts in 143Nd/144Nd ) and so may have had a similar mantle source. They differ, however, in their Th, Nb, Ta and La contents, which are higher than in any of the other OJP rocks analysed in this study (Fig. 5) . Thus, they have comparable Ce/Yb to Kwaimbaita-type basalt, but much higher Nb/Zr (Fig. 8) . Enrichment of Kroenke-type mantle by small amounts of a small melt fraction, or mixing between Kwaimbaita-type magma and a small-degree melt, are possible explanations for the high-Nb magmas. With limited data from very altered rocks, however, we can do no more than speculate on their mantle source.
Mantle temperature
Trace-and major-element modelling both require around 30% melting of a fertile peridotitic mantle source to produce the primary magma for the bulk of the observed OJP. This value will be slightly lower if the melt was generated by perfect fractional melting, and will increase if the mantle source had residual olivine more magnesian than Fo92, but is unlikely to be outside the range 25-35% (Fig. 12) . We can use our estimate for the degree of melting to estimate the potential temperature of mantle melting during decompression.
Using the parameterization of the melting interval of fertile peridotite given by McKenzie & Bickle (1988) (Kojitani & Akaogi 1995) were used in the calculations. Perfect fractional melting would reduce the melt fraction by 5-15% of its value along each curve (Iwamori et al. 1995) . Vertical broken lines show the calculated range of melting (27-31%) for OJP primary magmas, assuming residual mantle olivine compositions of Fo90 and Fo92 (equilibrium and fractional melting respectively; Herzberg 2004). The horizontal broken lines mark the depth to the base of the OJP crust (30 km) and oceanic lithosphere (100 kin). associated with melting, it is possible to relate melt fraction to depth and potential temperature (Tp). Figure 13 shows a set of melt fraction-depth profiles for Tp ranging from 1300 to 1650~ assuming AS = 350 J kg q K q (Kojitani & Akaogi 1995) . These profiles show the extent to which mantle of a given Tp would melt if decompressed instantaneously to the depth shown. Thus, mantle with Tp = 1500~ would begin to melt at a depth of about 110 km, and melting would increase with decreasing depth until it reached 35% at the surface. McKenzie & Bickle (1988) applied similar melting curves to the case of passive decompression at mid-ocean ridges where the melt zone is triangular in crosssection with maximum decompression and melting under the ridge axis, decreasing to zero with distance away from the axis. All the melt is focused into axial magma reservoirs and the residual mantle moves sideways with the accreting plates. McKenzie & Bickle (1988) derived the average melt composition by summing all instantaneous melts in the melt zone, which is equivalent to integrating all melt fractions along one of the curves in Figure 13 (Langmuir et al. 1992 ). The average degree of melting along each curve in Figure 13 will be roughly equal to half the maximum degree in the case of equilibrium (batch) melting and a little less than half in the case of fractional melting (Langmuir et al. 1992 ). In the equilibrium case, the melt stays with the matrix during decompression and is then released at the top of each column in the triangular melt zone. In the fractional case, melt is released continuously during decompression and accumulates near the surface. In both cases it is assumed that melt from all parts of the melt zone is extracted.
It is clear from the profiles in Figure 13 that the melt fractions required to produce the OJP primary magma cannot be achieved by mantle of any reasonable temperature decompressing beneath oceanic lithosphere of normal thickness (100 km). The lithosphere must have been thinner than normal but cannot have been thinner than the OJP crust (30 km) by the time the lava flows analysed in this study were erupted. If the OJP formed from hot mantle decompressing to a depth of 30 km (i.e. at or close to a spreading centre) then the mantle potential temperature must have been at least 1500~ to reach a maximum of 27-31% melting. This temperature would need to be about 50~ higher if the melts were produced by fractional melting (Iwamori et al. 1995) . Average melt fractions, produced by integrating the melt profiles in Figure 13 , are unlikely to reach 27-31% melting at any potential temperature. One way in which the average melt fraction can approach the maximum melt fraction is for the mantle to be actively decompressed, where residual mantle returns to depth after leaving the melting region rather than being incorporated in horizontal plate flow as in passive upwelling (Langmuir et al. 1992) . This situation might apply in the case of a start-up plume head (e.g. Richards et al. 1989 ) in which mantle is actively and rapidly fed into the melt zone.
The residual mantle left behind after the extraction of 30% melt should be refractory harzburgite with Fe-depleted olivine. Such compositions are generally thought to result in fast seismic velocity anomalies as, for example, in cratonic mantle (e.g. Jordan 1988 ). Paradoxically, recent seismic tomography experiments showed a rheologically strong but seismically slow upper-mantle root extending to about 300 km depth beneath the OJP (e.g. Richardson et al. 2000; Klosko et al. 2001) . This suggests that the observed seismic mantle root does not represent the residue of the partial melting process that produced the OJP basalts. A residual harzburgite root left behind after 30% mantle melting to produce 30-35 km of basaltic crust should be about 80 km thick rather than the 300 km observed (Neal et al. 1997; Klosko et al. 2001) .
A mantle plume origin for OJP magmatism?
Decompression melting of peridotite mantle with Tp > 1500~ in a start-up plume head rising beneath or close to a spreading centre can account for the composition and volume of OJP basalt. In this situation we should expect the ocean floor to be elevated above sea level, as in Iceland, and yet we know that nearly all of the observed products of OJP volcanism were erupted well below sea level (Michael 1999; Roberge et al. 2004 ). There is no evidence for the existence of the clastic apron that would result if large parts of the OJP had ever formed a subaerial volcanic edifice. Potential solutions to this paradox fall into three categories: a more fertile mantle; a hydrous mantle; and extraterrestrial causes for OJP magmatism.
Mantle plumes need not be composed entirely of peridotite but may contain significant amounts of embedded eclogite derived from ancient subducted ocean crust (Hofmann & White 1982) . Because eclogite melts at a lower temperature than does peridotite (Yasuda et al. 1994 ), a composite plume could, in theory, generate large volumes of magma at a lower Tp than one composed entirely of peridotite (e.g. Leitch & Davies 2001) . Melt production will be enhanced further if the embedded eclogite bodies can melt independently using latent heat supplied by conduction from the surrounding unmelted peridotite (Cordery et al. 1997) . Takahashi et al. (1998) have shown that the Columbia River basalt magmas could have been produced by 30-50% melting of a MORB-like basalt source at 2 GPa and 1300-1350~ (i.e. below the peridotite solidus). They argue that similar melting processes may have operated during the formation of other large igneous provinces (LIPs) and that composite plumes need not be as hot or as large as those composed only of peridotite. Large-scale heterogeneity is not necessary for composite plumes to produce voluminous melt at a lower Tp. Yaxley (2000) has shown that a homogeneous mixture of peridotite + 30% basalt has a lower solidus temperature and a much smaller melting interval than does peridotite alone, and would therefore produce more melt during decompression.
The composite-plume model seems to offer a solution to the OJP paradox of high melt productivity without significant uplift because it allows large degrees of melting in plumes with modest Tp. However, this can only work efficiently if isolated pods of eclogite can melt independently of the more refractory peridotite host (Cordery et al. 1997) . We can rule out a pure eclogite source for the OJP magmas because eclogite melts to a liquid with higher SiO2 and lower MgO than the parental Kroenke-type magma (Takahashi et al. 1998; Yaxley & Green 1998) . Tejada et al. (2002) modelled the majorand incompatible trace-element composition of OJP basalt by mixing large-degree melts from eclogite with small-degree peridotite melts, but found that melting of peridotite alone (Mahoney 1993; Tejada et al. 1996; Neal et al. 1997) fits the data better. Similarly, Figure 11 shows a very good fit between the estimated composition of the primary OJP magma and that of a 30% equilibrium melt of a peridotite source. The remarkable agreement in degrees of melting calculated independently through phase equilibria (Herzberg 2004 ) and trace-element modelling provides compelling evidence in favour of a peridotite source. Both approaches lead to values of approximately 27% for fractional melting and approximately 30 % for equilibrium melting. An enriched mantle source composed of peridotite + basalt (e.g. Yaxley 2000) could produce voluminous magma at lower Tp, but such a source would inevitably have higher concentrations of incompatible elements. It would therefore require correspondingly higher degrees of melting to produce magma with the low concentrations of incompatible elements that are found in Kroenke-type basalt. Any temperature advantage gained through the more efficient melting of an enriched source would be lost by the need for a higher Tp to produce larger-degree melts. Melting needs latent heat, and this can only be supplied by a high-Tp mantle source.
Hydrous mantle provides an equally unsatisfactory solution to the paradox because studies on OJP basaltic glass (Michael 1999; Roberge et al. 2004) show that the water content of the magmas was very low. Small amounts of water in the mantle would, in any case, cause the formation of small melt fractions at greater depth than with anhydrous mantle and therefore decrease the average melt fraction rather than raise it (Asimow & Langmuir 2003) .
Finally, the impact of an asteroid could possibly trigger large-scale mantle melting without causing uplift (e.g. Rogers 1982; Jones et al. 2002; Ingle & Coffin 2004 ), but there is no evidence in the Aptian sedimentary record for an impact of the required magnitude. Furthermore, the impact would normally be expected to produce magma with the chemical and isotopic characteristics of N-MORB as it is the upper mantle that would be melted. OJP basalts, however, are isotopically distinct from modern (Tejada et al. 2004 ) and pre-OJP (Janney & Castillo 1997; Mahoney et al. 1998 ) Pacific N-MORB. Their Os-isotope composition (Parkinson et al. 2002) and Nb/Ta are likewise distinct from those in N-MORB, but similar to values inferred for primitive mantle. Tejada et al. (2004) discuss the impact hypothesis in some detail and conclude that it is unlikely to be able to resolve the paradox.
In the absence of a viable alternative, we have to conclude that a peridotite mantle plume with Tp >1500~ provides the only plausible explanation for the formation of the OJP. We are therefore left in the unsatisfactory position of not being able to explain why the OJP was emplaced below sea level.
Conclusions
Ocean Drilling Program Leg 192 has extended our knowledge of the composition and origin of OJP magmas considerably. Kwaimbaita-type basalt has now been found at nine of the 10 DSDP and ODP drill sites on and around the plateau, it forms thick successions on-land in Malaita and Santa Isabel in the Solomon Islands, and almost certainly represents the dominant magma type. Subordinate Singgalo-type basalt is found capping Kwaimbaita-type basalt in Malaita, Santa Isabel and at ODP Site 807. Thin volcaniclastic turbidite layers above basement at Site 1183 also have the composition of Singgalotype basalt. The Singgalo magma type is distinguished from the dominant Kwaimbaita type by its small relative enrichment in the more incompatible elements, lower 2~176 and 143Nd/144Nd, and higher 87Sr/S6Sr.
The discovery of magnesian, Kroenke-type basalt at Sites 1185 and 1187 (and as a volcanielastic subunit at Site 1184) was particularly significant. Kroenke-and Kwaimbaita-type basalt are isotopically identical, and the former represents the likely parental magma for the bulk of the OJP. The primary magmas evolved along a simple liquid line of descent involving the crystallization of olivine followed by olivine, plagioclase and augite.
Identification of a parental magma type allows the primary magma composition to be estimated by incremental addition of equilibrium olivine until the residual mantle olivine composition is reached. Taking residual olivine compositions ranging from Fo90 (for fractional melting) to F092 (equilibrium melting) gives primary magma with MgO ranging from 15.6 to 20.4 wt%, respectively. Incompatible-element contents in the calculated primary magma, coupled with radiogenic isotope ratios, are consistent with a mantle source consisting of primitive mantle depleted through the extraction of 1% by mass of average continental crust. The degree of melting required to produce the primary magma from this source ranges from approximately 27% (fractional melting) to approximately 30% (equilibrium melting). We cannot estimate the primary Singgalo-type magma composition because we have no samples of the corresponding high-Mg basalt. However, the isotopic and chemical composition of Singgalo-type basalt suggest that it represents smaller degrees of melting generated at greater depth from less depleted portions of a heterogeneous mantle source.
Mantle with a potential temperature of approximately 1500~ will melt to a maximum extent of about 30% if decompressed to 30 kmdepth (i.e. at or close to a spreading centre). To achieve an average of 30% melting requires that the mantle be hotter than 1500~ and actively and rapidly fed into the melt zone, and a start-up mantle plume provides the most obvious mechanism. This should have caused uplift well above sea level, but the abundance of essentially non-vesicular pillow lava and the absence of any basalt showing signs of subaerial weathering show that the OJP was emplaced below sea level. Volatile concentrations in basaltic glass (Michael 1999; Roberge et al. 2004 ) support this conclusion.
We have not yet been able to resolve the paradox of apparent high mantle potential temperature coupled with submarine emplacement. An eclogitic source cannot supply the high-MgO parental Kroenke-type magma, and an enriched mantle source would need higher degrees of melting (and therefore higher Tp) to produce magma with concentrations of incompatible elements as low as those in Kroenke-type magma. We can also rule out a hydrous mantle source because the magmas have very low volatile contents. Widespread melting of the mantle following the impact of an asteroid provides an attractive means of avoiding uplift, but the magma would be generated entirely within the upper mantle and ought to have the chemical and isotopic characteristics of N-MORB. OJP basalt is isotopically and chemically distinct from N-MORB and seems to have a lowermantle source.
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